C ystathionine β-synthase (CBS; EC 4.2.1.22) is a pyridoxal-5′-phosphate (PLP)-dependent enzyme that catalyzes the β-replacement of the hydroxyl group of L-serine (Ser) by L-homocysteine (Hcy), yielding cystathionine (Cth) (1) . A deficient activity of human CBS (hCBS) is the cause of classical homocystinuria [CBS-deficient homocystinuria (CBSDH); Online Mendelian Inheritance in Man (OMIM) no. 236200], an autosomal, recessive inborn error of sulfur amino acid metabolism, characterized by increased levels of Hcy in plasma and urine. CBSDH manifests as a combination of connective tissue defects, skeletal deformities, vascular thrombosis, and mental retardation (2) .
The hCBS is a homotetrameric enzyme whose subunits are organized into three structural domains. The N-terminal region binds heme and is thought to function in redox sensing and/or enzyme folding (3, 4) . The central catalytic core shows the fold of the type II family PLP-dependent enzymes (5, 6) . Finally, the C-terminal region consists of a tandem pair of CBS motifs (7) (8) (9) that bind S-adenosylmethionine (AdoMet) and lead to an increase in catalytic activity by up to fivefold (10, 11) . The CBS motif pair, commonly known as a "Bateman module" (12, 13) , is responsible for CBS subunit tetramerization (14, 15) . The presence of pathogenic missense mutations in this region often does not impair enzyme activity but typically interferes with binding of AdoMet and/or the enzyme's activation by AdoMet (15) (16) (17) . Removal of the regulatory region leads to a dimer with much increased activity (14, 15) . Recently, we showed that removal of residues 516-525, forming a flexible loop of the CBS2 motif of hCBS, yields dimeric species (hCBSΔ516-525) with intact AdoMet binding capacity and activity responsiveness to AdoMet similar to a native hCBS WT (18) .
hCBS is regulated by a complex molecular mechanism that remains poorly understood. More than a decade ago, we and others hypothesized that hCBS might exist in two different conformations: a "basal" state with low activity, where the C-terminal regulatory domain would restrict the access of substrates into the catalytic site, and an AdoMet-bound "activated" state, where the AdoMet-induced conformational change would allow for enzyme activation (16, 19) . Recently, we have unveiled the relative orientations of the regulatory and catalytic domains in hCBS (18) , which were in a striking contrast to those of both the previous in silico models (20, 21) and the Drosophila melanogaster (dCBS) structure (22) . Our data showed that, although the pairing mode and the orientation of catalytic cores are similar in both insect dCBS and hCBS, the position of their regulatory domains is markedly different (18) . In the basal state, the Bateman modules from each hCBS unit are far apart and do not interact with each other, being placed just above the entrance of the catalytic site of the complementary subunit, thus hampering the access of Significance Cystathionine β-synthase (CBS), the pivotal enzyme of the transsulfuration pathway, regulates flux through the pathway to yield compounds, such as cysteine, glutathione, taurine, and H 2 S, that control cellular redox status and signaling. Our crystal structure of an engineered human CBS construct bound to S-adenosylmethionine (AdoMet) reveals the unique binding site of the allosteric activator and the architecture of the human CBS enzyme in its activated conformation. Together with the basal conformation that we reported earlier, these structures unravel the molecular mechanism of human CBS activation by AdoMet. Current knowledge will allow for modeling of numerous pathogenic mutations causing inherited homocystinuria and for design of compounds modulating CBS activity.
substrates into this cavity. Our hCBSΔ516-525 structure additionally revealed the presence of two major cavities in the Bateman module, S1 and S2, one of which (S2) is solvent-exposed and probably represents the primary binding site for AdoMet (18) . These findings are in agreement with the much higher basal activity of dCBS and its inability to bind or to be regulated by AdoMet (23, 24) and suggest that the structural basis underlying the regulation of the human enzyme markedly differs from CBS regulation in insects or yeast (24) . Taken together, the available data indicate that binding of AdoMet to the Bateman module weakens the interaction between the regulatory domain and the catalytic core although the mechanism and the magnitude of the underlying structural effect are still under debate (16, 19, (25) (26) (27) .
To solve the molecular mechanism of hCBS regulation by AdoMet, we have analyzed the crystals of an engineered hCBSΔ516-525 protein that bears the mutation E201S, which potentially weakens and/or disrupts the interaction between the Bateman module and the catalytic core (Fig. 1A) , thus favoring the activation of the enzyme. The data presented here fill a long-sought structural gap by unraveling the crystal structure of AdoMet-bound hCBS, thus providing the overall fold of the enzyme in its activated conformation and the identity of the AdoMet binding sites.
Comparison with the structures of hCBS in basal conformation and constitutively activated dCBS was instrumental in the understanding of the regulatory role played by the C-terminal domain as well as the effect of some of the pathogenic mutations in the activation and/or inhibition of this key molecule of transsulfuration.
Results

Structure of Activated hCBS.
A careful analysis of the interface between the Bateman module and the catalytic core in hCBSΔ516-525 revealed that, in the absence of the allosteric regulator, the C-terminal regulatory domain interacts with the catalytic core via (i) hydrophobic interactions involving residues I537, L540, and A544 of the CBS2 motif and I166, V189, V206, L210, and I214 of the protein core (18), and (ii) H-bonds between residues T460, N463, S466, and Y484 from the CBS1 motif and E201, N194, R196, and D198 from loop L191-202 at the entrance of the catalytic cavity (Fig. 1A) . Based on this knowledge, we engineered a protein construct hCBSΔ516-525 E201S (hCBS E201S) that, besides lacking residues 516-525 to ensure the formation of dimeric species, carries the artificial mutation E201S. In the basal conformation, residue E201 is key in maintaining the Bateman module anchored to the entrance of the catalytic site through a network of H-bonds involving residues T460, N463, and Y484 (Fig. 1A) . Confirming our expectations, the resulting hCBS E201S protein is highly active (i.e., as active as AdoMet-stimulated hCBS WT) and retains its capacity to bind AdoMet although it is not responsive to this allosteric regulator (Fig. 1B) . We attempted to crystallize the hCBS E201S protein in the presence and absence of AdoMet. Despite great experimental effort, all crystallization tests performed in the absence of AdoMet were unsuccessful, probably caused by the structural instability induced by the engineered mutation over the orientation of the Bateman module. By contrast, cocrystallization of the protein with AdoMet yielded few crystals suitable for crystallographic studies (Table S1 ). First, we compared the structure of hCBS E201S with both the hCBSΔ516-525 protein (18) and the truncated 45-kDa hCBS lacking the regulatory domain (6) and found that, like these proteins, it forms dimers in which complementary catalytic cores interact tightly (Fig. 2) . In hCBS E201S, the fold of the core maintains its secondary elements basically unaltered with respect to the structures mentioned above, being composed of 13 α-helices and two β-sheets consisting of four (β4-β7) and six (β2, β3, and β8-β11) strands, respectively. Importantly, due to a different orientation of the Bateman module, the loops L145-148, L171-174, and L191-202, which are sandwiched between the core and the Bateman module at the entrance of the catalytic site in the basal state of hCBS (18) , now show an open conformation that allows free access of substrates into the PLP site (Fig. S1 ). Strikingly, this loop arrangement reproduces a similar arrangement found in the truncated 45-kDa hCBS (6, 28) and in dCBS (22) . Except for these small although functionally important features, the overall fold of the catalytic core shows no major structural differences.
A major contribution of our hCBS E201S structure is the unveiling of the relative orientations of the regulatory and catalytic domains in AdoMet-bound hCBS. In contrast to our previously proposed activation mechanism (18) , hCBS E201S shows an overall arrangement that resembles dCBS (Fig. 2 B-D) . There, the Bateman module does not interact with the catalytic core except via the connecting linker and associates in a tight dimer through its interfacial α-helices, forming a head-to-tail-oriented disk-shaped structure referred to as an "antiparallel CBS module" (Fig. 2 B-D and Fig. S2 ) (22) . Flat disk-like dimers represent the most frequent association manner of Bateman modules (12, 13) . We should mention, however, that, in our crystals, the CBS module of hCBS E201S appears slightly tilted (∼40 degrees) with respect to the surface of the protein cores compared with dCBS (Fig. 2C ). This deviation is caused by the presence of a symmetry-related molecule in the crystal (Fig. S3 ) and reveals two important facts: first, the structural compactness of the disk-like CBS module with bound AdoMet, and second, the intrinsic flexibility of the connecting linker between the catalytic core and the Bateman module in hCBS. A straightforward structural alignment of the CBS module of hCBS E201S with that of dCBS (Fig. S2 ) easily reveals the most probable orientation of the regulatory domain in the activated hCBS in solution (Fig. 2D) , where no crystal packing effects exist. The CBS-specific activity of selected hCBS variants in the absence (blue bars) and the presence (red bars) of 300 μM AdoMet. hCBS enzyme species marked with "Δ" lack residues 516-525 and form dimers.
The AdoMet Binding Site. Similarly to unrelated CBS domain proteins (12, 13) , the Bateman module of hCBS contains two major cavities (designated as sites S1 and S2) at the β-sheet-lined cleft between the CBS1 and CBS2 motifs that represent two possible AdoMet binding sites (18) . In the basal hCBS conformation, cavity S1 is occluded by the presence of structural elements from the catalytic core and is occupied by bulky hydrophobic residues (Fig. 3A) . Conversely, site S2 is exposed and is presumably the primary binding site for AdoMet (Fig. 3C ). In agreement with these observations, the F o − F c exp(iφc) maps showed residual electron density consistent with one molecule of AdoMet bound to site S2 of hCBS E201S ( Fig. 3D and Fig. S4 ). No further electron density was detected at site S1 despite it being solvent-exposed in the crystals (Fig. 3B) . At site S2, the adenine base is stabilized in a predominantly hydrophobic binding pocket via stacking interactions with aliphatic residues, namely L419, L423, V425, I437, F443, A446, P447, V533, and V534 (Fig. 3D ). The adenine ring is further stabilized by a network of hydrogen bonds between the 6'-amino exocyclic group and the backbone carbonyl oxygen of residue L423 and A446, and also between the 1'-aza groups and the main-chain carbonyl atoms of L423. In addition, there are hydrogen-bond interactions between the N7 of the adenine ring and the main-chain carbonyl oxygen of Q445. The ribose moiety is bound in a polar pocket in which one of the free hydroxyl groups hydrogen bonds the sidechain carboxyl of D538, as well as the hydroxyl of S420. The alkyl chain of AdoMet is stabilized by I537 with its amino and carboxylate groups pointing toward the hydrophilic pocket provided by the side chain of residue T535 and Q445. Residue D444 H-bonds the amino group of AdoMet and additionally compensates the positive charge of the sulphonium ion of AdoMet.
Allosteric Activation of hCBS by AdoMet. The comparison of hCBSΔ516-525 (18) with hCBS E201S+AdoMet shows that the overall fold of the catalytic core remains virtually unchanged whereas the location of the Bateman module differs markedly ( Fig. 2 A versus C and D) . The structural alignment of the Bateman modules from these two structures reveals a distinct orientation of the CBS motifs that, in hCBS E201S, appeared rotated with respect to each other due to the presence of the allosteric regulator. (Fig. 4 and Movie S1). This torsion takes place around the flexible loops connecting helices α17-α18 and helix α20 with strand β14 without affecting secondary structure elements. Such a structural change is clearly more dramatic than the previously observed modest compression of the regulatory CBS domains in the partially activated D444N mutant (Fig. 1B) (18) .
In hCBS E201S, the rotation of the CBS motifs results in a concomitant approximation of helices α21 and α22 toward the large central cavity S2 that accommodates AdoMet (indicated with arrows in Fig. 4) . The direct consequence of such rotation is a disruption of the interactions that anchor the Bateman module to the catalytic core in the basal form, thus alleviating the occlusion imposed by the regulatory domain (Fig. S5) . Under this scenario, the Bateman module is free to move away from the entrance of the catalytic cavity of the complementary monomer, favored by the intrinsic flexibility of the linker connecting the Fig. 2 . The 3D structure of hCBS and dCBS. Crystal structure of (A) hCBSΔ516-525, (B) dCBS, and (C) AdoMet-bound hCBS E201S. Similarly to dCBS, hCBS E201S associates in dimers in which the Bateman module from two subunits interacts to form an antiparallel CBS module. In hCBS E201S, the CBS module hosts two molecules of AdoMet. The slightly tilted orientation (∼40 degrees) of the regulatory domain with respect to the catalytic core is due to the presence of a symmetry-related molecule in the crystal (Fig. S3) . (D) The high structural similarity existing between the CBS modules of dCBS and hCBS E201S (Fig. S2) , allowed us to easily reorient the tilted CBS module to its most probable position in solution using the dCBS structure as template. The dash-dotted lines represent the planes containing the flat disk-like CBS modules in each protein.
domains. Subsequently, the compatibility existing between the amino acid residues of helices α18, α19, α21, and α22 facilitates the formation of a flat disk-like antiparallel CBS module ( Fig. 2 and Fig.  S2 ), thus turning the enzyme into its activated status ( Fig. 2 C and D) .
To accomplish the full sequence of hCBS activation, the protein necessarily needs to meet certain requirements: (i) AdoMet should remain bound to the S2 cavity to maintain the Bateman module in the proper conformation favoring the assembly of the antiparallel CBS module; (ii) the connecting linker has to be sufficiently long and flexible to facilitate the displacement of the regulatory domain; (iii) the strength of the interactions between the regulatory domain and the protein core should enable the release of the Bateman module from its initial position above the catalytic site upon binding of AdoMet at cavity S2; and finally (iv) the interactions between the interfacial α-helices in the CBS module should allow the return of each regulatory domain back to its initial position once AdoMet abandons the S2 cavity.
The comparison of basal and activated hCBS E201S as well as of the partially activated D444N mutant clearly shows that maintenance of AdoMet bound to cavity S2 is critical for the formation of the CBS module. In the absence of AdoMet, the CBS motifs would rotate back toward their basal conformation, and that would promote disassembly of the CBS module (Fig. S6) . Thus, release of AdoMet from S2 is most probably the driving force causing deactivation of the enzyme. In the same way, the absence of AdoMet in the S2 cavity is an obligate requirement to preserve the interactions between the Bateman module and the catalytic core in the basal state (Figs. S5 and S6) . The superimposition of the activated Bateman module onto the basal regulatory domain clearly shows that the main interactions maintaining both protein domains together would otherwise be impaired (Fig. S5) .
Taken together, the structures currently available suggest that mutations such as D444N induce only smooth structural changes in the Bateman module that justify higher basal hCBS activities (25) but that are not sufficient to mimic the effect of AdoMet, which involves formation of a CBS module. The linker (residues 386-411) connecting the protein core with the regulatory domain is similar in length to the equivalent region in dCBS (Fig. 5) (24) . In hCBS, the linker contains two α-helices (α15 and α16) and an unstructured loop that precedes the first α-helix (α17) of the Bateman module. During hCBS activation, helix α15 remains fixed in the same position, helped by hydrophobic and polar interactions that hold it anchored to helix α12 of the protein core The entrance to cavity S1 is sterically occluded by the presence of structural elements from the catalytic core of a complementary monomer in the dimer (cyan). Additionally, bulky hydrophobic residues occupy the cleft and impede the binding of AdoMet at this site. (B) Site S1 in activated AdoMet-bound hCBS E201S. Despite the presence of AdoMet during the crystallization, site S1 remained empty in our crystals. As shown, binding of AdoMet (in black lines) at site S1 would cause steric clashes within the cavity S1, even in the activated conformation of hCBS. Note: The potential location of AdoMet at site S1 has been modeled by performing a structural alignment of site S2 and S1, both in their activated conformations. (C) Site S2 in basal hCBSΔ516-525. The S2 cavity is fully solvent-exposed and is not blocked by bulky residues. In hCBS, AdoMet binds at a previously proposed site S2 of the Bateman module and induces a relative rotation of the two CBS motifs that results in a slight reorientation of the residues within the S2 cavity. In the absence of such structural change, accommodation of AdoMet within site S2 would be sterically impeded. (D) Site S2 in the activated AdoMet-bound hCBS E201S. This cavity represents the unique AdoMet binding site. The S2 cavity shows a hydrophobic cage that hosts the adenine ring of AdoMet, conserved aspartate (D538), threonine (T535), and serine (S420) residues to stabilize the ribose ring, and a hydrophobic residue (I537) preceding D538 that accommodates the alkyl chain of AdoMet. (Fig. 5C) . However, the rest of the linker, including helix α16 (residues 395-407), moves away from their original position allowing the relocation of the Bateman module to its activated position (Movie S2). Interestingly, the amino acids forming helix α15 are more conserved across phyla than those of helix α16 (Fig. 5E ).
In the light of the available structural data, the hCBS activation can be summarized as follows: i) hCBS being in its basal conformation, one molecule of AdoMet per subunit binds to the exposed site S2 of the Bateman module ( Fig. 3 C and D and Fig. S4 ). Accommodation of AdoMet within the S2 site triggers rotation of CBS1 and CBS2 motifs with respect to each other (Fig. 4, Fig. S5 , and Movie S1). This torsion takes place around the flexible loops connecting helices α17-α18 and helix α20 with strand β14, without affecting the secondary structure elements (a complete assignment of all secondary elements can be found in ref. 18) . ii) As a consequence of the relative rotation of the CBS motifs, the interactions between the Bateman module and the catalytic core of a complementary subunit are weakened and/or disrupted (Fig. S5) . The Bateman module moves away from the core, helped by the intrinsic flexibility of the linker connecting the core with the regulatory domain (Movie S2). Hydrophobic interactions between helix α15 and α12 maintain the position of helix α15 basically unaltered during the activation process (Fig. 5C ). The physical-chemical features of the residues located at helices α18, α19, α21, and α22
further facilitate the formation of the antiparallel CBS module (Fig. S2) . The entrance of the catalytic cavity is not occluded in this scenario, and the loops L145-148, L171-174, and L191-202 can relax toward an open conformation, thus allowing for unrestricted access to the catalytic center ( Fig. 2 C and D and Fig. S1 ). Although the site S1 is now solvent accessible, AdoMet does not occupy this cavity (Fig. 3B) . iii) Release of AdoMet from site S2 would promote a conformational change of the Bateman module back toward its basal conformation (Fig. 6) . Loss of AdoMet would cause disassembly of the CBS module by impairing the interaction between the interfacial α-helices of the two Bateman modules (Fig. S6) , which would return back to their location above the catalytic cavity of the complementary monomer, forming the basal conformation of the enzyme (Fig. 2A) .
Discussion
Despite the intense research carried out over the last three decades, the structural basis underlying the allosteric regulation of human cystathionine β-synthase has remained elusive. hCBS represents an extremely complex system involving three different cofactors, at least two conformational stages and multiple oligomeric species, of which the most abundant is a tetramer (1, 16, 19, 29, 30) . Currently, the overall folds of catalytic and regulatory domains are known, and the interactions stabilizing the dimeric enzyme, as well as the location of residues involved in catalysis, have been identified (6, 18, 28) . More recently, the structure of dCBS has provided new insights on the catalytic process by revealing that substrate binding induces conformational changes in the three loops delineating the entrance of the catalytic cavity, which determines the size of the entrance to this site (22) . On the other hand, the structure of the dimeric species of hCBSΔ516-525 (18) , where the Bateman module of the first subunit occludes the entrance to the catalytic crevice of a complementary monomer ( Fig. 2A) , has explained how and why, in the absence of AdoMet, the regulatory domain blocks access to the catalytic site in hCBS whereas dCBS remains constitutively activated (22) . More importantly, the structure of hCBSΔ516-525 allowed us to demonstrate why removal of the regulatory domain yields hyperactivated dimers (14) and why deletion of the residues 516-525 in hCBS inevitably disrupts the oligomeric equilibrium toward the formation of dimers, thus highlighting the fundamental role of the loop L513-529 protruding from the central β-strand of the CBS2 motif in stabilizing protein tetramers (18, 31) . Finally, the hCBSΔ516-525 structure revealed one of the main cavities of the Bateman module (site S2) as the most probable site for AdoMet binding (18) . We recently demonstrated that the structure of D444N, a pathogenic mutant with increased basal activity and impaired response to AdoMet (25, 32) , closely resembles that of basal hCBS, showing only small structural rearrangements limited to a slight displacement of helices α18, α19, and α22 within the regulatory domain (18) . This arrangement, concordant with recent findings indicating that activation of hCBS by AdoMet elapses without significant alteration of secondary structure elements (26, 27) , seemed to contradict former data claiming the occurrence of large conformational rearrangements to reach the activated conformation (16, 19, 25) . Nevertheless, the effect induced by the D444N mutation allowed us to explain higher basal activity of this mutant, in which the loops at the entrance of the catalytic site could find sufficient space to move freely (18) .
The herein presented structure of hCBS E201S with bound AdoMet allowed for significant progress in understanding the mechanism of the allosteric regulation of hCBS. Taking into account (i) the orientation and association manner of the C-terminal domain in hCBS E201S protein dimer (Fig. 2 C and  D) , (ii) the open conformation of the loops that regulate access of substrates into the catalytic PLP site (Fig. S1 ), (iii) the high specific activity similar to AdoMet-stimulated hCBS WT and no further response to AdoMet (Fig. 1B) , and (iv) the presence of the allosteric regulator in the C-terminal regulatory domain (Fig.  3D and Fig. S4 ), we conclude that the solved structure reflects the activated conformation of the hCBS. Our data unequivocally confirm that, indeed, the S2 pocket represents the main binding site for AdoMet and call into question the ability of site S1 to bind this small molecule. Additionally, we show that the activation of hCBS occurs primarily through movements of entire protein domains, which behave like rigid bodies during the process, barely affecting the secondary structure elements (Fig. 4,  Fig. S5 , and Movies S1 and S2). Interestingly, AdoMet binding promotes a sharp rotation of the two CBS motifs constituting the regulatory domain, which, upon this structural change, migrates from its initial location above the catalytic cavity of the complementary monomer, toward the catalytic core of its own subunit, to form a disk-shaped antiparallel CBS module. This displacement of the Bateman module grants freedom of movement to the loops that delineate the entrance into the catalytic site and leads to enzyme activation. Our data provide, to our knowledge, the first experimental evidence of the overall architecture of activated hCBS and reveal that it basically reproduces the structure of dCBS (22) . Consequently, we can now state that the previously solved structure of a D444N hCBS mutant corresponds to a partially activated state that significantly differs from the AdoMetinduced hCBS activation (Fig. 6) (18) . Thus, in contrast with our initial prediction, the new data support the idea of an evolutionarily conserved overall fold for the activated forms of CBSs across phyla.
In light of these findings, we were able to propose the sequence of steps that occurs during the activation/deactivation of the enzyme. Moreover, these findings may allow us to explain how pathogenic missense mutations alter catalytic activity of hCBS and its regulation by AdoMet and subsequently classify Interactions that stabilize the activated conformation of CBSs. Several hydrophobic interactions between helices α12 (core) and α15 (connective linker) stabilize the orientation of the helix α15 in both dCBS (A) and AdoMet-bound hCBS E201S (C). (B) Network of polar interactions involving the residues R310, D362, N363, E366, K371, R475, and E478 determine in dCBS the orientation of the α-helices equivalent to α12, α15, and α21 of hCBS. (D) On the other hand, in AdoMet-bound hCBS E201S, the presence of residues L392, L397, and H501 (in equivalent positions to E366, K371, and R475, respectively, in dCBS) weakens the polar network between helices α15 and α21 and presumably facilitates hCBS activation and the displacement of the Bateman module. In the hCBS E201S crystals, the region corresponding to residues 398-405 of hCBS (dark gray) is disordered. To facilitate the structural comparison, this region has been modeled using the dCBS structure as template. The side chains of residues R389 and H501 are not represented because their orientation is not clear in the electron density maps. (E) Sequence alignment of dCBS and hCBS in these regions. them according to the particular step(s) of the activation process they affect. For example, one group would include mutations that weaken or disrupt the interaction between the Bateman module and the catalytic core without impairing the capability to bind AdoMet. These mutants, such as hCBS S466L as well as the artificial hCBS E201S, show very high basal activity similar to AdoMet-activated hCBS WT, but are not further stimulated by AdoMet (Fig. 1B) , even though the AdoMet binding is not impaired (16, 27) . Unlike artificial E201S or pathogenic S466L, another pathogenic mutation, D198V, located in the loop L191-202, delineating the access to the catalytic site (Fig. 1A) , does not affect the basal activity or the enzyme's response to AdoMet (Fig. 1B) . Other mutations may impair the AdoMet binding capacity, the relative rotation of the CBS motifs, the flexibility and/or the correct fold of the connecting linker, the free movement of the loops delineating the entrance of the catalytic cavity, or the formation and stability of the CBS module. Some mutations may act via multiple mechanisms and thus affect several steps of the activation process. As an example, D444N weakens the interaction between protein domains in the basal conformation, thus partially activating the enzyme and, at the same time, reducing the responsiveness to AdoMet (Fig. 1B) (18) . In the activated conformation, however, the D444N mutation likely impairs binding of AdoMet at the site S2 by abolishing the neutralizing effect exerted by aspartate 444 on the closely placed amino groups of the allosteric regulator (Fig. 3D) . The absence of bound AdoMet at any Bateman module within the dimer inevitably entails disassembly of the CBS module (as shown in Fig. S6 ).
Comparative analysis of the activated conformation of both dCBS and hCBS indicates that the constitutive activation found in insect CBS is mainly due to polar interactions ( Fig. 5 A and B) . The presence of hydrophobic residues in equivalent positions of hCBS (Fig. 5D) impairs some of these contacts and presumably allows the human enzyme to oscillate between (at least) two different conformations (Figs. 2 and 6 ).
In conclusion, in the absence of AdoMet, hCBSΔ516-525 forms symmetrical dimers in which the catalytic core of each subunit interacts with both the catalytic core and the regulatory domain of the complementary subunit ( Fig. 2A ) and the C-terminal regulatory domain occludes the entrance to the catalytic site of the complementary monomer (Fig. S1) . In contrast, similar to dCBS (Fig. 2B) , AdoMet-bound hCBSΔ516-525 E201S associates in dimers in which the CBS motifs from the two subunits form an antiparallel CBS module (Fig. 2 C and D) , leaving the catalytic site unobstructed (Fig. S1 ) and the enzyme activity much increased (Fig. 1B) . However, this new structural information raises new questions, such as whether AdoMet plays a role in the oligomeric state of the enzyme or whether it alters the overall structure of the tetrameric species. It would appear that the transition from the basal to the activated state may be sterically hindered in native tetramers and thus would involve disassembly of the protein tetramer into dimers. Further studies are needed to figure out how the length and flexibility of the connecting linker allow such structural change.
Materials and Methods
Preparation and Biochemical Characterization of the Recombinant Protein. The preparation of a pGEX-6P1-hCBSOPTΔ516-525, pET28-C-hCBSOPTΔ516-525, and pET28-C-hCBSOPTΔ516-525 D444N expression constructs is described in detail elsewhere (18, 31, 33) . The artificial E201S and pathogenic D198V and S466L mutations were introduced by using a QuikChangeII XL mutagenesis kit (Agilent) according to the manufacturer's recommendations. The corresponding mutagenesis oligonucleotides were as follows (capital letters designate the codon of the mutated residue): 5′-ccgcttcgacagtccgTCAtcccatgtgggtgtt (FWD E201S), 5′-aacacccacatgggaTGAcggactgtcgaagcgg (REV E201S), 5′-gaatgcccgcttcGTCagtccggaatccc (FWD D198V), 5′-gggattccggactGACgaagcgggcattc (REV D198V), 5′-cctgggtaacatgctgCTAtcctgctggcgggca (FWD S466L), and 5′-tgcccgccagcagggaTAGcagcatgttacccagg (REV S466L). Purification of recombinant proteins followed the protocols that we developed for various hCBS constructs carrying either cleavable GST at the N terminus or a permanent 6xHis tag at the C terminus with a few modifications (11, 31, 33) . Protein concentration was determined by the Bradford method (Thermo Pierce) using BSA as a standard according to the manufacturer's recommendations. The CBS activity in the classical reaction was determined by a previously described radioisotope assay using [ 14 C(U)] L-serine as the labeled substrate, essentially as described elsewhere (11, 33, 34) .
Crystallization and Data Collection. The crystals were grown by the hanging-drop vapor-diffusion method at 293 K in 24-well crystallization plates according to the protocol described previously (31) . Drops consisted of 200 nL of hCBS E201S solution mixed with 400 nL of precipitant solution [20% (vol/vol) polyethylene glycol monomethyl ether 3350] and AdoMet (Sigma); the protein concentration was 20 mg/mL. The nucleotide was added to the protein at a final concentration of 0.34 mM, resulting in ∼1:1 protein-to-nucleotide ratio. All trials to scale up the successful conditions in higher volumes did not yield crystals. Single crystals were transferred to a cryoprotection solution [20% (vol/vol) polyethylene glycol monomethyl ether 3350 and 20% glycerol] and flash frozen in liquid nitrogen. The diffraction properties of the crystals were examined on beamlines ID23.1, ID23.2, and ID29 of the European Synchrotron Radiation Facility (ESRF), Grenoble. The dataset presented here was collected at ALBA Synchrotron, Barcelona, beamline MX XALOC-BL13 (λ = 0.9793 Å) and was processed using HKL2000 or XDS software (35, 36) .
X-Ray Diffraction Data Collection, Phasing, and Refinement. The hCBSE201S structure was determined by molecular replacement with the PHENIX pro- Fig. 6 . A model summarizing the effect of AdoMet binding and/or pathogenic mutations on the structure of hCBS. The hCBSΔ516-525 associates in dimers (the subunits are depicted in orange and blue, respectively). AdoMet binding triggers a conformational change that makes the protein to progress from a basal (A) toward an activated (B) state. In addition, the pathogenic mutation, such as D444N, may partially activate the enzyme by slightly modifying the dimer structure that still retains the overall fold of the basal conformation (C). Under these circumstances, the loops delineating the entrance of the catalytic cavity (represented by red bars) find some more space to move, thus contributing to increase in the basal activity of the enzyme. The progression of these mutants toward the activated state (B) in the presence of AdoMet depends on the effect of a particular mutation on the formation and/or stability of the CBS module. (D) Other mutations, such as the S466L or the artificial E201S, which impair the interactions between the Bateman module and the catalytic core (as illustrated in Fig. 1A) , promote a more significant displacement of the regulatory domain away from the catalytic cavity, without formation of the disk-like CBS module. If AdoMet binding is not impaired, these mutants can easily progress toward the activated conformation as found in hCBS E201S in the presence of AdoMet (B). Both states depicted in B and D allow for free movement of the entrance loops and subsequently unrestricted flow of substrates into the PLP-containing active site. gram (37) using the crystal structure of the truncated 45-kDa hCBS (PDB ID code 1JBQ) or the structure of the catalytic core of protein hCBSΔ516-525 (PDB ID codes 4L3V and 4L0D) as the initial search model. After several cycles of refinement using PHENIX and REFMAC5 (37, 38) , CBS domains were built manually using Coot (39) . The Ramachandran statistics for the refined coordinates are 95% residues in favored region (0.1%, number of outliers). The final refinement statistics are summarized in Table S1 . The atomic coordinates and structure factors have been deposited in the PDB under PDB ID code 4PCU.
